The thermal desorption spectrometry studies of krypton implanted Si samples are presented. Implantations (with the fluence 2 × 10 16 cm −2 ) were done with the energies 100, 150, and 200 keV. Additionally, a 200 keV and 100 keV Kr + G double implantation was performed. A sudden Kr release was observed in the ≈ 1100−1400 K range, most probably coming from the gas bubbles in cavities. The desorption activation energy varies from 2.5 eV (100 keV) to 0.8 (200 keV). The peak splitting suggests existence of two kinds of cavities trapping the implanted noble gas. Two Kr releases are observed for the 200 and 100 keV double-implanted samples. The peak shift of the release corresponding to 100 keV implantation could be a result of both introduced disorder and higher effective Kr concentration. The desorption activation energy is risen to ≈ 3.2 eV for both releases.
Introduction
Thermal desorption spectroscopy (TDS) or thermal programmed desorption (TPD) using He, other inert gases or deuterium has become a popular technique enabling studies of the disorder introduced into solids during e.g. ion irradiation as the analysis of gas release spectra provides much information concerning atom diffusion, desorption and their trapping by lattice defects like vacancies and their clusters [1] . TDS spectroscopy is often used to study radiation induced damage as well as retention/release of gases like deuterium in the plasmafacing materials intended to be used in the controllable fussion devices including tungsten [2, 3] , beryllium [4] [5] [6] or graphite [7] . The technique was often employed in the case of materials widely applied in electronics, like silicon [8, 9] for implanted metals [10] [11] [12] as well as thin films [13] [14] [15] . Special attempts were made to study formation of bubbles (gas filled cavities) as a result of highfluence (≈ 10 16 cm −2 and even more) inert gas ion implantation [8, [16] [17] [18] [19] . The intensive studies on formation of cavities filled with gas atoms and He release from the implanted Si were focused on different factors governing these processes including implantation [8] and annealing temperatures [16] or H + ion post-implantation parameters [17] .
On the other hand, thermal desorption of heavier inert gases was not so often studied, probably due to the larger atomic radius [20] . It should be also noted that the heavier the projectile, the shallower is the implanted matrix layer. The TDS spectra of argon implanted Si were obtained in a very broad range of implantation energies (≈ 100 eV [21] , ≈ 1 keV [22] and typical of semiconductor industry processing (20-60 keV [23] ). It was shown [23] that implanted Ar atoms are in two different states in Si (dissolved in bulk Si and gathered in cavities), which resulted in two peaks in the TDS spectra. The presence of two kinds of peaks in the TDS spectra was also confirmed for larger implantation energy [24] . Moreover, change of peaks order appearance of corresponding to Ar release from bulk Si and gas-filled cavities was shown.
The paper is devoted to thermal desorption of even heavier inert gas, krypton, implanted into the Si samples with the energies in the range 100-200 keV. The paper presents also the brief description of the custom-made TDS setup and all experimental procedures. The TDS spectra collected for various heating rates (form 0.1 K/s up to 0.7 K/s) are presented and discussed. Desorption activation energies are estimated from the peak shifts using the Redhead approach. The changes of the TDS spectra for 200 keV and then 100 keV Kr implantation are also under investigation.
Experimental
The 100-oriented silicon samples were implanted with 84 Kr + ions using the implanter in the Institute of Physics, Lublin, equipped with the arc discharge ion source. Implantations were made with energies 100, 150, and 200 keV, the beam current density was ≈ 2−3 µA/cm 2 . The implantation fluences were 2 × 10 16 ions/cm 2 in every case. One of the samples was doubly implanted with 200 keV and then 100 keV ions, with the total fluence 4×10 16 ions/cm 2 . Implantations were performed at room temperature.
A construction and principle of operation of the TDS spectrometer was described in detail in our previous papers [24, 25] . However, a brief overview is given here for completeness sake. The stainless steel vacuum chamber contains the sample heater (HTR1002 Boralectric, Momentive, Strongsville OH, USA) and is equipped with quadruple mass spectrometer, vacuum meters, electrical (249) feedthroughs and other supplementary equipment. The heater is shielded by 0.5 mm thick molybdenum screens and 2 mm thick stainless steel screen placed at the bottom in order to prevent the chamber from overheating. The sample heater is powered by a programmable power supply EA-PS 8080T (EA-Electro-Automatik GmbH, Viersen, Germany). It is used to heat samples with different rates up to approximately 1600 K (the limitation is mostly due to the fact that sample temperature is measured using the K-type thermocouple). The thermocouple is connected via the Hewlett-Packard 34970A data acquisition/switch unit to the PC-class microcomputer. An optional, contactless temperature measurement using a pyrometer is also possible. The programmable power supply is controlled by the custom-made software making the use of the PID algorithm and data from the sample temperature measurements. The schematic view of the experimental setup is presented in Fig. 1 . The base pressure (order of 10 −7 mbar) was maintained during all measurements using a turbomolecular pump. It should be noted that an additional gate valve between the pump and the main chamber was added enabling also static vacuum measurements. Krypton (84 a.m.u.) released from the heated sample (area of ≈ 2 cm 2 ) was detected by the QMG220 quadruple mass spectrometer (Pfeiffer Vacuum, Asslar, Germany) controlled by the Quadera™ software. Its detection limit is approximately 2 × 10 −12 mbar for Ar. The spectrometer was baked out prior to measurements in order to get rid of most residual gases. As in our previous papers, there was applied the isochronal sample heating profile
where T 0 is room temperature and β is the heating ramp rate. The ramp rates were changed from 0.1 K/s up to 0.7 K/s.
Results
The implanted Kr depth profiles obtained using the SRIM software [26] as well as distributions of introduced damage to the sample are shown in Fig. 2 . The implantation projected range changes from ≈ 60 nm (100 keV) up to 120 nm (200 keV). The thickness of the defected layer changes more or less in the same range. It should be noted that the vacancy concentration is almost the same for all implantation energies. The obtained TDS spectra are collected in Fig. 3 (the case of E = 100 keV), Fig. 4 (E = 150 keV) and Fig. 5 (E = 200 keV). A sudden Kr release is observed in the temperature range 1050-1400 K. It should be noted that it is at least 100 K higher than that observed for Ar implanted with E = 115 keV [24] , and much higher than release temperatures for much more mobile He (700-800 K) [25] . Such difference could be explained, for example by the above mentioned fact that Kr has larger atomic radius (≈ 2.0 Å) compared to He (1.2 Å) [20] . The peak position is shifted by ≈ 200 K toward higher temperatures as implantation energy (and the projected range) Fig. 3 . TDS spectra collected for the 100 keV Kr + implanted samples. rises from 100 keV to 200 keV (the case of β = 0.5 K/s). Note that peak positions are accumulated in Table I . A rather narrow shape of the peak, especially for shallower implantations may suggest that one deals here with a sudden gas release from bubbles or gas-filled cavities. Two releases, particularly distinct for smaller ramp rates (see insets in Fig. 3 ) can be observed which may be due to the presence of different kinds of defects occupied by Kr atoms, like single vacancies, or vacancy clusters of different sizes [27] . The distance between these peaks increases with the implantation energy from ≈ 15 K for E = 100 keV up to 60 K for E = 200 keV. It should be also noted that the release peak width increases with implantation energy which could be related to a larger projected range and implanted Kr profile width. The peak position and its width change also with the heating ramp rate, as observed for other noble gases [8, 16-19, 24, 25] . The largest shift (almost 350 K when β changes from 0.1 K/s up to 0.7 K/s) is observed for the lowest implantation energy. The mentioned shift could be analysed in order to estimate desorption activation energy according to the Redhead method [28] . In the case of the first order process the Polanyi-Wigner equation could be written as
where n is the surface density of the desorbing gas, k is the Boltzmann constant, Q is the desorption activation energy and γ is the preexponential factor. Keeping in mind that the linear heating profile (1) was assumed and referring to the temperature corresponding to the maximum of the β peak as T p , one gets from the condition d 2 n/dt 2 = 0 (maximum of the gas release) the relation
Hence, the desorption activation energy could be easily obtained from the slope of the 1/T p vs. ln(T 2 p /β) plot. The calculated values of desorption activation energy are collected in Table I . One can see that Q decreases with the implantation energy from ≈ 2.5 eV (100 keV) to 0.8 eV (200 keV). A similar effect was also observed for Ar [24] . The calculated Q value for E = 150 keV is slightly above that for E = 100 keV but one keep in mind large estimated error of the former value. Then it is justified to assume that Q decreases with E in the considered range.
TDS measurements were also conducted for Si samples double-implanted with 200 keV and 100 keV Kr + beams. In Fig. 5 the presence of two releases corresponding more or less to the main peaks observed for separate 100 keV and 200 keV irradiations can be found. The agreement is more accurate for 200 keV release. Note that the signal corresponding to the layer implanted with 200 keV is several times weaker than that of 100 keV layer. This could be understood in the light of SRIM depth profiles in Fig. 2 . The deeper (≈ 100−200 nm) layer affected by 200 keV implantation contains approximately only one fourth of all implanted Kr atoms. The larger shift of the 100 keV release (several tens of K) may be due to the fact that the shallower layer (0-100 keV) is characterised by vacancy concentration twice as much as the layer affected by the 200 keV implantation only (see Fig. 2b ). However, it should be stressed that Kr double implantations induced peak shift toward lower temperatures is contrary to the effect of the disorder introduced by Si self-implantation. However, this could be explained based on the fact that double implantation increases the effective Kr concentration in the shallower (up to 100 nm) layer leading to the faster pressure buildup in vacancy clusters or cavities. The Redhead analysis was applied to both peaks of the TDS spectra from the double-implanted samples. The desorption activation energy is increased due to the introduced disorder for both cases up to ≈ 3.2 eV.
It is an open question whether a small release of Kr is observed as a very broad and low peak near 600-800 K. This signal could be e.g. due to Kr diffusion from the interstitials. The shift of that release can be seen for the 100 keV implanted sample spectra (Fig. 3) .
Conclusions
The TDS measurements of krypton released from the Kr implanted Si samples were presented. The implantation energies varied in the range 100-200 keV. A relatively sharp peak (most probably as a result of the release from the pressurized gas bubbles in cavities) was observed in the range ≈ 1100−1400 K -higher than for lighter noble gases like He or Ar. The shift of the peak position with the implantation energy and TDS heating ramp rate was observed. Splitting of the peak into two parts suggests the presence of two states of Kr in the implanted Si. This may be e.g. cavities of different sizes or vacancies and vacancy clusters. The Redhead analysis of the lower peak shift provided estimations of desorption activation energy values which decrease from ≈ 2.5 eV (100 keV implantation) down to ≈ 0.8 eV (for 200 keV). The twofold Kr release was observed for the 200 keV and 100 keV Kr + double-implanted sample, each of them corresponding approximately to that of single implantation.
